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Abstract 
Lowering production costs while maintaining an optimal level of production 
is important to producers in extensive environments. Efforts that strive to 
match the environment to the nutritional requirements of the grazing animal 
will substantially improve economic returns to the producer. Therefore, a 
3-yr study was implemented that evaluated glucose clearance and serum me-
tabolites in primiparous beef heifers (n = 48; 16/yr) from two different feed-
ing regimes. Serum metabolites and glucose clearance measures were ana-
lyzed by fitting a repeated measure mixed model using the MIXED procedure 
of SAS 9.4 (SAS Inst., Inc., Cary, NC). Heifers dams received adequate 1.8 
(ADEQ) or marginal 1.2 (MARG) kg/d winter supplementation for approx-
imately 80 d prior to parturition and their heifer calves were then randomly 
assigned to heifer development treatments that provided ad-libitum (AL) or 
80% of ad-libitum (LAL) feed post weaning. Heifers that received the AL 
treatment during the developmental period were then assigned the 1.8 kg/d 
winter supplementation for life, whereas heifers that received the LAL treat-
ment during development were assigned the 1.2 kg/d winter supplementation 
for life. Peak glucose concentrations in response to a bolus dose of glucose 
changed in magnitude between ADEQ and MARG in utero treatments and 
decreased further removed from parturition (P = 0.05). However, these 
changes did not manifest along with other glucose clearance measures (P > 
0.17) indicating that regardless of in utero treatment or heifer development 
treatment the reduction in feed input did not greatly influence glucose clear-
ance measures or baseline serum metabolites throughout postpartum, first 
parity period. 
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1. Introduction 

Extensive livestock production challenges producers to match available re-
sources to requirements of livestock being raised in a given environment. Lives-
tock producers in arid and semi-arid environments must adapt to current envi-
ronmental conditions to maintain a sustainable level of animal production and 
provide economic security to the livestock operation. Producers are often faced 
with making decisions to either liquidate cattle or purchase additional feedstuffs 
with the latter resulting in increased production cost and threatening the sustai-
nability of the livestock operation in the future. The challenge for researchers is 
to develop management accepted approaches that result in minimal financial 
liability. Current research efforts are being implemented to optimize nutrient 
utilization while not maximizing or meeting intake potential of grazing livestock 
yet optimizing the use of dietary nutrients to support serum metabolites going 
towards developing tissues. By not maximizing dietary intake but reducing the 
amount of supplementary harvested feeds during times of diminished forage 
quality the cost of production can be reduced, and the focus then shifts to the 
necessity of nutrient use by the animal and maintaining production goals. 

In Northern Great Plains, USA, as well as, other similar arid and semi-arid 
environments harvested feedstuffs are supplemented during the periods when 
grazing livestock is consuming poor quality and/or an insufficient quantity of 
forage is available. This feeding paradigm may ultimately mask or result in 
higher production cost in future offspring. If culling strategies account for up to 
20% of bred females and a producer retains 55% of weaned females most of the 
production costs to develop those heifers is associated with feed [1]. While many 
approaches have been used to minimize the cost associated with the develop-
ment of replacement heifers, such as altering timing of prepubertal growth [2] 
[3] there may be detrimental impacts on onset of puberty [2]. Yambayamba et 
al., [4] conducted a study evaluating physiological and metabolic changes asso-
ciated with dietary restriction and subsequent realimentation on compensatory 
gain. Authors conclude that ruminants more severely restricted have greater 
compensatory gain upon realimentation due to greater efficiency of converting 
dietary nutrients to maternal tissue. Building upon these concepts, under the 
current paradigm the approach is to allow animals to more naturally adapt to the 
environment that they’re being raised in. In this effort, less emphasis is on 
maximizing intake, rather the focus is shifted to supplying nutrients in reduced 
amounts and allowing the grazing ruminant to adapt and become more efficient 
at utilizing dietary feedstuffs. In a companion study, Waterman et al., [5] ob-
served no determinantal impact in first parity milk yield when nutritional inputs 
were lessened during in utero and post-weaning heifer development. The 
present study evaluates glucose clearance and serum metabolites (urea N, 
non-esterified fatty acids, and β-hydroxybutyrate) throughout first parity lacta-
tion that may be influenced by nutritional regimens implemented during in 
utero and post weaning development. Thus, our objective was to evaluate effects 
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of the previously established nutritional paradigms (in utero and post weaning) 
on glucose clearance and certain serum metabolite profiles. 

2. Material and Methods 
2.1. Study Location and Environment 

This study was conducted at the USDA-ARS Fort Keogh Livestock and Range 
Research Laboratory (LARRL) located approximately 1.6 km west of Miles City, 
MT (46˚22'N 105˚5'W) from April 2009 through August 2011. LARRL Institu-
tional Animal Care and Use Committee approved all animal handling and expe-
rimental procedures used in this current study. 

The LARRL encompasses 22,500 ha and has an average elevation of 730 m. 
Average daily temperatures range from −12˚C in January to 24˚C in July with 
daily maximum temperatures occasionally greater than 37˚C during summer 
and daily minimum temperature occasionally dropping less than −40˚C during 
winter. Winter mean temperatures during the study were similar to the 
long-term average [5]. Predominant grasses at this site include grama (Boute-
loua), needle grass (Hesperostipa), and wheatgrass (Pascopyrum; Kuchler, 1964) 
[6]. Average standing crop of forage produced annually at the study site is 870 ± 
14 kg/ha [7]. Stocking rate was 1.27 ha/AUM and the quantity of forage available 
in the 53.8 ha pasture during 128 d that primiparous cows were on trial was in 
excess of cattle needs. More specific information on forage characteristics and 
nutritional regime can be obtained in our companion study [5].  

2.2. Herd Management 

Dams of heifers used in this study come from a stable composite population (1/2 
Red Angus, 1/4 Charolais, 1/4 Tarentaise) described by Newman et al., [8] [9] 
and primiparous cows were nursing steer calves in this study. Management of 
this population is such that dams receive a lifetime treatment of either adequate 
(ADEQ) or marginal (MARG) winter supplementation consisting of alfalfa hay 
(1.8 or 1.2 kg/d) for 80 d prior to parturition [10]. Briefly, at weaning heifer 
calves are removed from their dams, relocated to dry lots, and developed in pens 
that facilitate individual feeding using Calan gates (American Calan, North-
wood, NH). At weaning, a 140-d developmental period is initiated where diets 
consisted of either ad-libitum (AL) or 80% of ad-libitum (LAL—less than 
ad-libitum). Diets for LAL heifers are adjusted every 28-d using the following 
formula:  

LAL = 0.80 × mean body weight (BW) of restricted/mean BW control × mean 
daily feed intake (as fed basis) of controls over the 28-d period. 

Just prior to breeding, after the 140-d developmental period, heifers were 
commingled and managed similarly through their first breeding season. At time 
of pregnancy conformation, the now primiparous were assigned to lifetime 
fall/winter treatments. The now primiparous cows, which during heifer develop-
ment and had received the all treatments, were now assigned the ADEQ (1.8 kg/d) 
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fall/winter lifetime treatment and the primiparous cows that received the LAL 
development treatment were assigned the MARG (1.2 kg/d) fall/winter lifetime 
treatment. Prior to calving, primiparous cows were commingled and managed 
similarly throughout the year until fall/winter treatments were once again in-
itiated. Description of experimental design and herd management has previously 
been reported [11] [12] [13].  

2.3. Experimental Animals 

Throughout this 3-yr study, sixteen primiparous cows nursing steer calves were 
selected from the previously described population. Primiparous cows were se-
lected to provide equal subclass representation for in utero nutrition for 80 d 
prior to parturition (ADEQ and MARG, n = 24 respectively) and post-weaning 
heifer development treatment (AL and LAL, n = 25 and 23, respectively) and for 
having steer calves of similar age. 

2.4. Measurements 

Serum collection began approximately 27 d (earliest date to acquire selection 
criteria previously mentioned) after parturition (avg. April 16 each year) and 
continued at 7 d intervals throughout the duration of the study. Serum samples 
were collected via coccygeal venipuncture using 9 mL serum separator tubes 
(CorvacTM, Tyco Healthcare Group LP, Mansfield, MA, USA). Samples were 
placed on ice and transported to the laboratory where they were centrifuged at 
1500× g for 30 min and stored at −20˚C until analysis.  

In addition, every 14 d a glucose clearance test (GCT) was implemented fol-
lowing parturition. On the day of the GCT, at 0800 h, cows were gathered and 
trailed to a cattle-working facility, and fitted with an indwelling jugular catheter. 
Immediately following catheterization, cows were walked, in a low stress man-
ner, to an individual stall located approximately 45 m adjacent to chute where 
indwelling jugular catheterization occurred. Technicians began GCT once cows 
were stalled. There was no access to feed or water during the GCT. For the GCT, 
a 50% (wt/vol) dextrose solution was infused through the catheter at 0.50 mL/kg 
BW (250 mg glucose/kg BW) using 60-mL syringes. Blood samples were col-
lected into syringes via jugular indwelling catheter at −1, 0, 3, 6, 9, 12, 15, 20, 40, 
60, 80, 100, 120, 140, 160, and 180 min relative to glucose infusion (infusion was 
immediately after obtaining the −1 and 0 min blood sample). During each col-
lection time 2 mL of blood was initially drawn and discarded to remove saline 
(0.9% NaCl) from the catheter. Blood was then subsequently drawn and trans-
ferred from syringes into serum separator tubes (9 ml draw serum separator 
tubes; CorvacTM, Tyco Healthcare Group LP, Mansfield, MA, USA). A 5 mL sa-
line flush was then pushed through the catheter and saline syringe remained at-
tached to the catheter until subsequent collection time. Samples were allowed 
to coagulate on ice, and serum was harvested after centrifugation at 1500× g 
for 30 min and stored at −20˚C until analysis. 
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To evaluate if serum metabolite concentrations were influenced by nutritional 
regime baseline concentrations were evaluated for glucose, urea-N, NEFA, and 
ketones (β-hydroxybutyrate) using weekly blood samples and the −1 and 0 
pre-infusion samples prior to the bi weekly GCT measures.  

All serum metabolite concentrations were analyzed in duplicate aliquots using 
commercially available kits to measure glucose via the glucose oxidase method 
(Kit TR15321; Thermo Electron Corp., Waltham, MA, USA; endpoint with a 
intraassay CV of 2.2% and interassay CV of 3.9%), urea-N via the urease method 
(Kit TR12321; Thermo Electron Corp., Waltham, MA, USA; endpoint with a 
intraassay CV of 2.4% and interassay CV of 10.9%), and NEFA (ACS-ACOD 
method; Wako Chemicals USA, Inc., Richmond, VA, USA, endpoint with an 
intraassay CV of 3.9% and interassay CV of 8.2%). A handheld ketone sensor 
(MediSence®; Precision XtraTM; Abbott laboratories, Abbott Park, IL 60064, 
USA) was used to measure serum β-hydroxybutyrate [14]. 

2.5. Statistical Analysis 

Glucose half-life was estimated for each animal by regression of the logarithmic 
transformed metabolite concentrations over time [15] [16]. Area under the curve 
(AUC) was determined for glucose concentrations using trapezoidal summation. 
Serum metabolites and GCT measures were analyzed by fitting a repeated meas-
ure mixed model using the MIXED procedure of SAS 9.4 (SAS Inst., Inc., Cary, 
NC). The model included fixed effects of in utero nutrition, and post-weaning 
heifer development treatments, day of measurement and all interactions for 
fixed effects. Animal and year effects were fitted as random effects. The cova-
riance of the repeated measures factor was modeled with the first order auto re-
gressive covariance structure AR(1). Covariates used in the analysis of serum 
metabolites and GCT measures included calf birth weight and days in milk. Sta-
tistical significance was set at P ≤ 0.05. The Bonferroni method was used to ad-
just P-values for multiple comparisons. The model included fixed effects of in 
utero nutrition, and post-weaning heifer development treatments, year and all 
interactions. Data were fitted to the following statistical model: 

( )ijklm l j k m jk jmi jkl

km jkm ijkl ijkl ijklm

y A

bw dim e

µ γ α β ρ αβ αρ

βρ αβρ

= + + + + + + +

+ + + + +
 

where y is the observation, μ is the overall mean, ( )i jklA  the ith animal effect 
within each treatment and year, γl the lth year effect (random effect), αj the jth in 
utero treatment, βk the kth post weaning treatments, ρm the mth day effect (re-
peated measures factor and is a fixed effect), and e the associated error. The de-
nominator degrees of freedom for significant testing were adjusted using the 
Kenward-Rodger approximation. The REPEATED statement included collection 
date with the subject cow by (in utero × heifer development treatment) using an 
autoregressive covariance structure. Covariates used in the analysis of serum 
metabolites and GCT measures included calf birth weight, and days in milk. Sta-
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tistical significance was set at P ≤ 0.05. The Bonferroni method was used to ad-
just P-values for multiple comparisons [17].  

3. Results and Discussion 
In Utero and Post Weaning Heifer Development Serum Metabo-
lites and GCT Measures 

Peak glucose concentration following the bolus dose resulted in a in utero × 
week (P = 0.05, Figure 1). While there were differences in magnitude for primi-
parous cows to have different peak glucose concentrations following bolus infu-
sion of glucose across weeks following parturition (i.e., during first parity lacta-
tion) in regards to in utero treatment their dam received. Peak glucose concen-
tration did decline as weeks progressed further away from parturition and the 
magnitude between ADEQ and MARG in utero treatments converged closer to-
gether. This may indicate that early clearance of glucose from peripheral blood 
supply may favor MARG in utero treated heifers over those that received ADEQ. 
Previous studies evaluating glucose clearance in this management regime ob-
served no difference in peak glucose concentrations immediately following hei-
fer development or again in early gestation during their second pregnancy [13]. 

Serum NEFA concentrations had observed changes in magnitude from weekly 
serum samples for in utero × week (P < 0.01, Figure 2). Serum NEFA concen-
trations provide evidence of amount of fatty acids either coming from lipolysis 
to support an energy need or from the diet going towards lipogenesis for energy 
storage. Serum NEFA concentrations early in postpartum may suggest that 
MARG in utero treated heifers relied on adipose tissue to meet energy needs but 
quickly returned to similar concentrations as those observed for ADEQ in utero 
supplemented cows. In general serum NEFA concentrations declined as the  
 

 
Figure 1. Peak glucose concentrations (mg/100 mL; mean ± SEM) for a in utero nutrition 
(adequate (ADEQ) or marginal (MARG) winter supplementation consisting of alfalfa hay 
(1.8 or 1.2 kg/d) for 80 d prior to parturition) × week interaction (P = 0.05). 
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Figure 2. Serum NEFA weekly concentrations (mmol/L; mean ± SEM) for a in utero nu-
trition (adequate (ADEQ) or marginal (MARG) winter supplementation consisting of al-
falfa hay (1.8 or 1.2 kg/d) for 80 d prior to parturition) × week interaction (P ≤ 0.01). 
 
post-partum period progressed until later weeks when forage quality was known 
to diminish as forges senesced [5]. Results suggest that serum NEFA concentra-
tions increase in later weeks when forage quality is diminished and more prom-
inently used for an energy need. This data would also suggest that ADEQ in 
utero treated cows may be more reliant on these energy stores than MARG 
treated cows in periods when forage quality is diminished. Physiological condi-
tions of the ruminant allow for communication between adipose tissue and the 
liver, while the volatile fatty acid butyrate, fermentation product from the ru-
men, is the primary source for ketone formation in the liver, when animal is in 
moderate to severe energy negative energy balance. If or when butyrate supply is 
diminished NEFA provide the carbon for ketones in the liver [18].  

Bi-weekly GCT measures and weekly evaluation of serum metabolites are de-
scribed in Table 1. Data from these measures strongly suggest that first parity 
cows that received ADEQ and MARG in utero treatments and subsequently re-
ceived AL or LAL development treatments have very similar post-partum res-
ponses when subjected to bi-weekly GCT and from weekly serum metabolite 
profiles. 

The strongest response observed was across weeks or as cows progressed fur-
ther away from parturition (Table 2). Glucose disappearance (%/min), increased 
(P < 0.01) as days in lactation increased and glucose AUC diminished. Both of 
these measures indicate that regardless in utero or development treatment all 
first parity cows responded similarly. Baseline glucose, and urea N concentra-
tions declined (P < 0.01) across weeks as cows became more removed from par-
tition, whereas, β-hydroxybutyrate concentrations increased (P < 0.01). These 
changes in baseline metabolites is most likely attributed to changes in forage 
quality, but again all first parity cows responded similarly regardless of in utero 
or development treatment. 
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Table 1. Least square means for serum metabolites and glucose clearance measures on in utero nutrition (Cow) and post-weaning 
heifer development (Heifer) throughout first parity lactation. 

Items 

In utero TRT* 

SEM 

Heifer TRT† 

SEM 

P-Value 

ADEQ MARG AL LAL 
In utero 

TRT 
Heifer 
TRT 

In utero ×  
Heifer TRT 

n= 24 24  25 23     

Glucose Tolerance test 
         

Peak Glucose (mg/100 mL) 203 201 2.27 202 203 2.26 0.52 0.51 0.51 

Peak Time (min) 3.5 3.4 0.12 3.5 3.4 0.12 0.58 0.75 0.17 

Glucose disappearance (%/min) 0.5 0.5 0.01 0.5 0.5 0.01 0.36 0.14 0.79 

Glucose t1/2 (min) 66.7 77.3 5.45 66.7 77.3 5.43 0.17 0.16 0.46 

Glucose AUC ((mg/mL) × 180 min) 16,585 17,502 595.3 16,564 17,522 592.1 0.25 0.28 0.51 

Baseline metabolites 
         

Glucose (mg/100 mL) 72.2 70.1 1.62 70.7 71.7 1.64 0.36 0.65 0.57 

Urea N (mg/100 ml) 9.3 9.7 0.26 9.5 9.6 0.27 0.28 0.72 0.15 

NEFA (mmol/L) 276 266 9.8 271 272 9.8 0.48 0.92 0.56 

β-hydroxybutyrate (mg/100 mL) 0.21 0.25 0.014 0.24 0.22 0.014 0.02 0.28 0.54 

*Cows whom received in utero nutrition of adequate (ADEQ; 1.8 kg/d) or marginal (MARG; 1.2 kg/d) levels of winter supplement. †Comparison of heifers 
fed ad-libitum (AL) or 80% of ad-libitum fed (LAL; adjusted to a common BW) for 140-d post-weaning and fed the equivalent of either 1.8 kg/d (AL) or 1.2 
kg/d (LAL) supplement during the winter preceding calving. 

 
In conclusion, an inutero nutrition effect × week, when dams received sup-

plementation during the last 80 d of gestation was observed for peak glucose 
concentration following glucose clearance test and for peripheral concentrations 
of non-esterified fatty acids for primiparous first parity beef cows, whereas no 
other significant measures for glucose clearance or weekly metabolites were ob-
served. This data suggests that reduction in supplemented feed during the in 
utero treatment period and the designed 20% reduction in harvested feed input 
during post-weaning development (on a common body weight basis) resulted in 
similar responses in glucose clearance measures and serum metabolite profiles 
compared to their counterpart which received greater amounts of. In fact, the 
reduction in feed during heifer development ultimately resulted in a 27% de-
crease in overall feed input for heifers developed in the LAL group. In other 
words, developing heifers with ad libitum intake compared to heifers developed 
at 20% less feed results in similar first parity glucose clearance measures and se-
rum metabolite profiles. This data along with previous research conducted 
within this management regime not only indicate similar biological responses 
but an approach to decrease production cost and maintain an optimal level of 
production for producers.  
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Table 2. Bi-weekly glucose clearance measures and weekly serum metabolite concentrations for cows whom received in utero 
nutrition of adequate (ADEQ; 1.8 kg/d) or marginal (MARG; 1.2 kg/d) levels of winter supplement and developed as heifers fed 
ad-libitum (AL) or 80% of ad-libitum fed (LAL; adjusted to a common BW) for 140-d post-weaning and fed the equivalent of 
either 1.8 kg/d (AL) or 1.2 kg/d (LAL) supplement during the winter preceding calving. 

Items 

Week 

SEM Week 

P-value 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

In 
utero 

TRT × 
week 

Heifer 
TRT × 
week 

In 
utero 

TRT × 
Heifer 
TRT × 
week 

n= 48 48 48 48 48 48 48 48 48 48 48 48 48 48 48 48      

Glucose  
Tolerance test                      

Peak Glu  
(mg/100 mL) 

257 
 

242 
 

229 
 

207 
 

192 
 

177 
 

161 
 

156 
 

19.3 0.01 0.05 0.50 0.42 

Peak time 
(min) 

2.8 
 

3.2 
 

3.1 
 

3.3 
 

3.5 
 

3.8 
 

3.9 
 

4.3 
 

1.03 0.93 0.23 0.80 0.72 

Glucose  
disappearance 

(%/min) 
0.4 

 
0.5 

 
0.5 

 
0.5 

 
0.5 

 
0.5 

 
0.6 

 
0.6 

 
0.09 <0.01 0.17 0.88 0.37 

Glucose  
t1/2 (min) 

140.7 
 

119 
 

95.6 
 

76.5 
 

62.4 
 

45.9 
 

27.8 
 

8.3 
 

45.57 0.54 0.68 0.71 0.19 

Glucose AUC 
((mg/mL) ×  

180 min) 
27,683 

 
23,872 

 
21,866 

 
17,951 

 
15,870 

 
12,377 

 
9802 

 
6922 

 
4947 <0.01 0.75 0.72 0.08 

Baseline 
metabolites                      

Glucose  
(mg/100 mL) 

101.6 91.6 93.7 87 93.1 77.4 81.5 68.7 75.6 62 61.6 57.5 55.8 48.8 47 35.8 14.72 <0.01 0.74 0.24 0.80 

Urea  
N (mg/100 ml) 

10.8 13.7 9.6 12.3 11.7 11 9.6 10.4 10.6 11.2 8.7 9.5 7.4 5.6 4.9 5.6 2.43 <0.01 0.56 0.98 0.99 

NEFA (mmol/L) 490 374 283 229 239 183 201 195 239 205 239 270 265 275 310 344 90.8 <0.01 <0.01 0.88 0.74 
β-hydroxybutrate 

(mg/100 mL) 
0.1 0.17 0.17 0.2 0.13 0.24 0.22 0.22 0.22 0.29 0.24 0.28 0.31 0.29 0.29 0.29 0.125 <0.01 0.28 0.86 0.87 
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